Abstract Many psychiatric disorders are characterized by circadian rhythm abnormalities, including disturbed sleep/ wake cycles, changes in locomotor activity, and abnormal endocrine function. Animal models with mutations in circadian "clock genes" commonly show disturbances in reward processing, locomotor activity and novelty seeking behaviors, further supporting the idea of a connection between the circadian clock and psychiatric disorders. However, if circadian clock dysfunction is a common risk factor for multiple psychiatric disorders, it is unknown if and how these putative clock abnormalities could be expressed differently, and contribute to multiple, distinct phenotypes. One possible explanation is that the circadian clock modulates the biological responses to stressful environmental factors that vary with an individual's experience. It is known that the circadian clock and the stress response systems are closely related: Circadian clock genes regulate the physiological sensitivity to and rhythmic release of glucocorticoids (GC). In turn, GCs have reciprocal effects on the clock. Since stressful life events or increased vulnerability to stress are risk factors for multiple psychiatric disorders, including post-traumatic stress disorder (PTSD), attention deficit hyperactivity disorder (ADHD), bipolar disorder (BD), major depressive disorder (MDD), alcohol use disorder (AUD) and schizophrenia (SCZ), we propose that modulation of the stress response is a common mechanism by which circadian clock genes affect these illnesses. Presently, we review how molecular components of the circadian clock may contribute to these six psychiatric disorders, and present the hypothesis that modulation of the stress response may constitute a common mechanism by which the circadian clock affects multiple psychiatric disorders.
Introduction to Circadian Clocks
Circadian clocks have evolved to anticipate daily recurring environmental changes evoked by the 24 hr rotation of the earth around its axis. In mammals, circadian clocks are entrained to the environment by light and other secondary zeitgebers (German: "time giver") [1] . The hypothalamic suprachiasmatic nucleus (SCN) is the master circadian clock, receiving light input directly from non-image-forming melanopsin-containing photoreceptors in retina, and regulating secondary oscillators in other brain regions and peripheral organs [2, 3] . At the molecular level, circadian clocks are based on autoregulatory transcriptional-translational feedback loops (TTL) that regulate rhythmic expression of~20 core clock genes. The core TTL consists of the transcriptional activators BMAL1 (ARNTL), CLOCK, and NPAS2, and transcriptional repressors CRY1/2 and PER1/2/3, which inhibit their own rhythmic expression via delayed negative feedback on BMAL1/CLOCK/NPAS2 [4, 5] . A secondary loop in which RORA/B/C activate and REV-ERBα/β inhibit activity has also been described. In each case, progressive degradation of repressor proteins disinhibits activator Dominic Landgraf and Michael J. McCarthy contributed equally to this work.
elements. One cycle of activation and repression is completed in~24 hours and then starts anew. In addition to maintaining the TTL, core clock genes regulate the expression of clockcontrolled genes that are rhythmically expressed in organspecific physiological processes such as neurotransmission, immune processes, metabolism, and endocrine signaling.
Clocks and Psychiatric Disorders
Disturbed circadian rhythms have been associated with disrupted brain function, and multiple lines of evidence support the idea that the circadian clock is vulnerable and/or disturbed in a variety of mental illnesses including ADHD, AUD, BD, MDD, PTSD, and SCZ [6] . In clinical observations, many psychiatric patients suffer altered sleep/wake cycles and show disturbed rhythms in daily functions like appetite and cognition. Conversely, disturbed rhythms in otherwise healthy individuals exposed to shift-work and jet lag may lead to deteriorating mental health, underscoring the bidirectional relationships between the circadian clock and behavior, mood, and cognition [7, 8] . In animal models, mutating clock genes or manipulating light/dark cycles alters affective, locomotor and behavioral phenotypes [9] , demonstrating the direct connection between clock genes and brain functions relevant to psychiatric illness. However, one challenge to the hypothesis that clock genes modulate mental illness is the fact that several clock genes have been implicated across multiple psychiatric disorders, each with distinct symptoms and phenotypic presentations. How can these different phenotypes be explained through variation in the same gene or set of genes with overlapping functions?
Stress and Psychiatric Disorders
Early life stress (including infection, trauma, neglect and abuse) is a common risk factor for a variety of mental illnesses, even those typically considered strongly heritable and genetically influenced like ADHD, BD, and SCZ [10] [11] [12] [13] . The GCs cortisol (in humans) and corticosterone (in rodents) play major roles in the response to stress. GCs are regulated by the hypothalamic-pituitary-adrenal (HPA) axis. In response to signals from the limbic system, the paraventricular nucleus releases corticotropin-releasing hormone (CRH), signaling the anterior pituitary to release adrenocorticotropic hormone (ACTH). ACTH from the pituitary signals the adrenal gland where it stimulates GC synthesis and release into the systemic circulation to alter gene expression and physiology throughout the body. In healthy subjects, the increase of GC in response to acute stress leads to increased alertness, mobilization of glucose and fatty acids, and enhanced memory formation [14] [15] [16] . However, after chronic stress and long term elevations of GCs, the effects of GCs are detrimental with neurotoxic, immunosuppressive, and metabolic consequences [17] [18] [19] . Accordingly, many neuropsychiatric disorders are associated with abnormalities in the HPA axis, with chronically elevated cortisol and reduced sensitivity to GC [20] , suggesting that stress may contribute to their development. Experiments in rats have shown that rats exposed to early life stress show elevated GCs as adults [21] . Similar observations have been made in human subjects who show chronically elevated GCs and altered stress response long after a traumatic event [17] . The effects of stress can therefore be persistent, lasting long after termination of the stressor.
Connections between the Clock and Stress Response
Since disturbed circadian rhythms and altered stress responses are involved across many psychiatric conditions, it may be that an individual's genetic and environmental risk factors for a particular illness are subject to modulation by the combined actions of the circadian and stress response systems. In this way, specific illness factors (e.g., uniquely predisposing to ADHD, SCZ or AUD) are processed by a system of generalized responses (the dual actions of the clock and stress response systems) to determine specific features of the expressed phenotype(s) (Fig. 1) . In support of this hypothesis, the circadian clock and the stress response system are closely connected (Fig. 2) . Many clock gene promoters contain GC responsive elements (GREs), and GCs synchronize peripheral and central circadian oscillators [22] . For example, GCs activate the transcription of Per genes and are important for adapting sleep/wake rhythms to changes of environmental conditions like shift work, jet lag or irregular mealtimes [23, 24] .
Conversely, it is well established that the HPA/GC system is temporally gated by the circadian clock [25] . Under physiological conditions, GC release follows a circadian rhythm, in which GC levels are highest at the beginning of the active phase and lowest at the start of the inactive phase. In the adrenal, the availability of the steroid precursor cholesterol, the storage of cholesterol and the activity of steroidogenic enzymes all show circadian rhythms [26] . At the protein level, BMAL1/CLOCK complexes interact with the glucocorticoid receptor (GR), modulating GR sensitivity in a circadian fashion, through acetylation of the GR by CLOCK during the day [27] . Accordingly, Bmal1 -/-mice suffer from low CORT levels, reduced CORT sensitivity and a disturbed stress response [28] . In the negative limb of the TTL, cells from CRY1/2 double null mutant animals are more sensitive to dexamethasone regulation of target genes compared to wild type cells [29] , and PER1 null mutants have increased GC levels [30] . Many stress-inducible genes are also under control of the circadian clock. We conducted an analysis of the convergence of genes containing a GRoccupied GRE [31] with those that are pervasively rhythmic in expression [32] , and found that~16 % of pervasively rhythmic genes contain validated GREs in their promoters. Considering that GREs were validated in only a single tissue, and only pervasively rhythmic genes were considered, this count is likely to be a lower bound estimate of circadian clock-GC overlap.
Stress, Clock-controlled Genes, and the Central Nervous System
Many brain functions relevant to psychiatric illness are controlled simultaneously by the circadian clock and stress response systems. For example, CLOCK/BMAL1 regulates the expression of tyrosine hydroxylase (TH), the rate limiting enzyme in monoamine (dopamine, epinephrine, and norepinephrine) synthesis. TH expression is also controlled by GRs, and repeated or chronic stress is associated with increased TH expression. Elsewhere in the dopamine system, the sensitivity of dopamine receptors is regulated by the circadian clock, where elevated CRF [33] or manipulations of the GR [34] affect the sensitivity of dopamine-dependent reward pathways. The balance between excitatory (glutamate) and inhibitory (γ-amino-butyric acid, GABA) signaling is also influenced simultaneously by the circadian clock and stress systems. Per2
Brdm1-/-mice show decreased levels of the Eaat1 glutamate transporter, which leads to elevated extracellular glutamate levels [35] , whereas pregnenolone, a precursor of GC that is stimulated by ACTH, acts as an NMDA receptor antagonist, and has anti-depressant activity in animals [36] . GABA levels oscillate in mood-regulating brain areas like the nucleus accumbens and is also involved in stabilizing circadian rhythms in the SCN, where it acts as an inhibitory Fig. 1 Environmental and genetic factors are modulated concurrently by the dual actions of the circadian clock and the stress response system, which interact closely to regulate brain function. Conversely, the psychiatric phenotype impacts the circadian clock and the stress response system Fig. 2 The circadian clock and the stress response system interact closely. During the day BMAL1 and CLOCK proteins are expressed at high levels to activate transcription of PERs, CRYs, RORα, REV-ERBα, and CCGs, as well as to promote the activity of GRs which, in turn, elevate transcription of GC-inducible genes like FKBP5. An accessory feedback loop consists of RORα, an activator of BMAL1 expression and REV-ERBα, an inhibitor of BMAL1 expression. GCs facilitate the expression of GC-responsive clock genes and clock controlled genes (CCGs) with GRE promoter elements. At night, PER and CRY protein levels are high and repress the activity of BMAL1/CLOCK and the GR. Through feedback inhibition, FKBP5 suppresses GR activity. Due to the tight connection between the circadian clock and the stress response system, manipulations of one system naturally lead to changes in the other neurotransmitter at night and as an excitatory neurotransmitter during the day [37] [38] [39] . Furthermore, GABA release is facilitated by the GCs [40] . Thus, the circadian clock and the stress response systems overlap extensively, and regulate a multitude of systems that govern affect, reward processing, locomotion, and cognition. These overlapping systems may work in a coordinated manner to regulate the molecular brain mechanisms that fail in psychiatric illness. In the following sections we review six stress related psychiatric conditions, and highlight their connections to the molecular circadian clock and stress.
Post-Traumatic Stress Disorder (PTSD)
Exposure to traumatic stress can have long lasting effects on anxiety, arousal, and mood. PTSD is recognized as a distinct clinical phenomenon resulting from the experience of an intense trauma, resulting in distressing re-experiencing of the event, avoidance of associated stimuli, and hyperarousal in affected individuals. While PTSD requires an environmental insult, only a fraction of subjects (10-25 %) exposed to trauma develop PTSD; thus, vulnerability to PTSD has a genetic component that may include circadian clock genes. Elevated GC levels are neurotoxic, particularly to the hippocampus [18] , a brain region implicated in PTSD [18, 41] . Therefore circadian dysregulation of GCs resulting from clock gene variants could affect vulnerability to PTSD by disrupting the interface between the clock and GCs in brain regions that are vulnerable to stress. In animal models, there is preliminary support for cross talk between the clock and stress systems influencing fear conditioning (a model for PTSD), in that experimental jet lag increases susceptibility to fear conditioning and potentiates corticosterone release in mice [42] .
In humans, genetic studies offer further support for a circadian component to stress vulnerability and PTSD. One gene of particular interest is FKBP5, a chaperone protein involved in directing activated GRs to the nucleus. FKBP5 is rhythmically expressed in most tissues [32] , suggesting that this protein is involved in circadian gating of GC signals. FKBP5 has been implicated in a number of stress related psychiatric disorders, including psychological stress in children [43, 44] , dimensional stress in healthy subjects [45] , MDD [46] , and PTSD [47] . Two core clock genes have been implicated in genome-wide association studies (GWAS) of PTSD: PACAP and RORA. PACAP (pituitary adenylate cyclase-activating polypeptide) affects the central SCN clock, and is involved in phase resetting in response to light [48] . ADCYAP1, the gene encoding PACAP, is associated with PTSD selectively in females [49, 50] . The same ADCYAP1 variant is associated with increased reactivity to fear in the amygdala and hippocampus among previously traumatized females [51] . Interestingly, the PACAP receptor, VIPR2, has been implicated in SCZ (see below). RORA is rhythmically expressed and regulates BMAL activity. RORA was first identified as a PTSD risk gene in a cohort of combat veterans [52•] , and subsequently replicated in a cohort of hurricane survivors experiencing psychological distress [53] . However, RORA may demonstrate the broad-reaching influence of the clock across psychiatric disorders, having also been implicated in anti-depressant response [54] , BD [55] , dimensional depression [56] , autism [57] , ADHD, and SCZ [58] .
Attention Deficit Hyperactivity Disorder (ADHD)
ADHD is a disorder of impulse control, inattention, and hyperactivity associated with inappropriate night time activity and insomnia. The disorder is strongly heritable, with about 80 % of variance explained by genetic factors, but stress, especially childhood trauma, is an environmental risk factor [11, 12] . Accordingly, family studies point to shared susceptibility factors between ADHD and PTSD [59] . Classically, ADHD was described as a childhood disorder, but it is now recognized that age of onset may extend into adolescence [60] , and that symptoms persist into adulthood in about 65 % of subjects [61] . Of interest, the incidence of ADHD varies geographically in association with light exposure [62] , with regions exposed to low levels of light having higher rates of ADHD. While this provocative finding requires further study, it reinforces the idea that ADHD may involve the circadian clock and/or be related to photic inputs. Candidate gene studies suggest that ADHD and dimensional inattention may be associated with the CLOCK -3111 T/C variant genotype [63] [64] [65] . While clock gene variants are not among the strongest associations with ADHD found by GWAS, clock gene variants may be enriched among weaker GWAS associations [58] . A gene expression study from subjects with adult ADHD revealed a number of alterations in molecular rhythms [66•] , including loss of BMAL1 and PER2 expression rhythms in oral mucosal cells, blunted melatonin rhythms, and 3 hr phase delays in cortisol rhythms relative to controls. Consistent with previous behavioral reports, the same study also found high levels of activity at night, greater evening preference, and long latency to sleep onset. While the molecular basis of rhythm abnormalities in humans with ADHD remains unclear, a mouse model of ADHD has been developed by forebrain-specific deletion of the gene encoding casein kinase 1 delta [67] . This animal is hyperactive, has deficits in nesting behaviors, and shows the same paradoxically lower levels of locomotor activity in response to amphetamines as shown by ADHD patients. Another therapeutic agent for ADHD, atomoxetine, has phase-dependent effects on the central SCN clock and amplifies the phase response to light in mice [68] .
Schizophrenia (SCZ)
SCZ is a neurodevelopmental psychotic disorder characterized by hallucinations, disorganized thought, and cognitive impairment, resulting in chronic and severe social and occupational dysfunction. SCZ is heritable, with 80 % of variance explained by genetic factors. However, stressful environmental risk factors like prenatal exposure to infection [69] , malnutrition [70] , and immigration [71] have also been identified. Among the symptoms of SCZ, circadian rhythm abnormalities have been observed, with impaired onset of evening melatonin release, disorganized sleep, and perturbed activity rhythms. Candidate gene studies implicated a number of clock genes in SCZ, but replication in larger patient samples by GWAS has been largely unsuccessful. One report found an enrichment of clock gene single nucleotide polymorphisms (SNPs) among those weakly associated with SCZ [58] . However, subsequent set-based analyses using the larger PGC GWAS data set and more conservative assumptions revealed no such enrichment [72] . While over 100 SNPs have now been strongly associated with SCZ [73] , none directly implicate the circadian clock. However, several are located within genes with pleiotropic effects that may affect clock function. As an example, CACNA1C encodes an L-type calcium channel subunit, and is strongly associated with not just SCZ but also two other disorders with circadian features: BD [74] and primary insomnia [75] . In the SCN, calcium is rhythmic and required for the rhythmic expression of clock genes [76, 77] ; and L-type calcium channel antagonists attenuate rhythms in neurons [76] . Hence, circadian rhythms might be disrupted in psychiatric disorders via aberrant calcium signaling.
Copy number variant (CNV) studies have identified a number of chromosomal duplications/deletions strongly associated with SCZ susceptibility [78] . While these CNVs are individually rare, and account for only a small minority (<1 %) of SCZ cases, they are associated with large effect sizes (odds ratios as high as 60), suggesting some CNVs may be causative factors in SCZ. In contrast to GWAS, CNV studies have directly implicated the clock in SCZ, namely by a SCZ-associated duplication in chromosome 7q36 affecting VIPR2, the gene encoding the receptor for vasoactive intestinal peptide receptor 2 (VIPR2) [79••] . VIPR2 binds vasoactive intestinal peptide (VIP) and PACAP. VIP is involved in neuronal coupling in the SCN and has been implicated in the phase resetting response to light [80] . Behavioral activity of the VIPR2 null mutant mouse is arrhythmic in constant darkness and shifts more rapidly in response to shifts of the light/ dark cycle [81] . However, neither null nor duplication VIPR2 mutants have been assessed as animal models for SCZ, so the connection between biological timing and SCZ-related cognitive function remains unclear.
Major Depressive Disorder (MDD) and Bipolar Disorder (BD)
MDD and BD are heritable mood disorders (with MDD 37 %, and BD~85 % of variance attributable to genetics) characterized by episodes of depression only (MDD) or depression and mania (BD) [82, 83] . Circadian rhythm abnormalities, including disturbed sleep, diurnal mood variation, changes in appetite, and social interaction, are characteristic symptoms of both BD and MDD [58, 84, 85] . A further hallmark of MDD and BD is a disturbance of HPA axis activity associated with elevated GC and CRH levels, failure of dexamethasone to suppress GC, and reduced GC sensitivity [86, 87] . Depression can be precipitated when circadian rhythms are disturbed by environmental conditions as in shift-work, jet lag, and sleep deprivation. Disrupted activity cycles are an important cause of mood relapses in BD [7] . Therapies for depression have been developed that directly target the circadian clock, including light exposure, melatonergic drugs, and shifting of sleep/wake schedules [88] [89] [90] [91] [92] .
Candidate gene studies have identified a number of clock gene variants associated with MDD or BD, including BMAL1 (ARNTL1), CLOCK, NPAS2, PER3, CRY1, RORA and TIMELESS [93] [94] [95] , but only RORA has been supported in more powerful GWAS [54] [55] [56] . In GWAS, an enrichment for clock gene SNPs was found among variants weakly associated with BD and MDD [58] . While a subsequent analysis using larger data sets and more conservative assumptions failed to detect an enrichment of clock gene SNPs, certain clock genes were still implicated in the larger analysis, including DBP and DEC2 (BHLHB3) in BD, and REV-ERBα (NR1D1) in MDD [72] .
A recent human postmortem study showed that in healthy control subjects, BMAL1 (ARNTL1), PER1-3, DEC1/2, REV-ERBα, and DBP are rhythmically expressed in brain regions involved in mood regulation, but these rhythms are attenuated in subjects with MDD [96••] . Although these data do not discriminate between weaker clock gene rhythms in individual MDD subjects and greater variability in phase across subjects [9] , they do establish that the molecular machinery of brain circadian clocks is affected in MDD. Another approach to human studies is the investigation of rhythms in cells from patients. Since the molecular circadian machinery is similar across cell types, the rhythms of skin fibroblasts mirror those in other cells from an individual. Importantly, this method allows the researcher to investigate rhythms longitudinally in an individual subject, rather than conducting group analyses across subjects. Using this approach, a recent study revealed that fibroblast rhythms from BD patients show longer circadian periods than rhythms from control fibroblasts and that rhythm amplitude is differentially affected by lithium in cells from BD subjects [97] .
Animal studies provide further evidence of associations between clock genes and mood. Most strikingly, Clock-Δ19 mice show features of mania, including hyperactivity, reduced sleep, increased reward seeking behavior, and more open field activity [98] [99] [100] . Therefore, Clock-Δ19 mice have become an accepted animal model for mania, and demonstrate the potential for a single clock gene mutation to impact mood. The PER proteins may also affect mood in complex ways.
Per1
Brdm1-/-and Per2 Brdm1-/-mutant mice show depressionlike and mania-like behaviors, respectively [101] , whereas Per1 ldc-/-; Per2 ldc-/-double mutants have increased anxietylike behavior [102•] . The Dbp -/-mouse is hypoactive at baseline, but hyperactive when exposed to chronic stress, modeling to some extent the alternating depression-like and manialike behavior seen in BD. Supporting the notion of clockstress interaction, Dbp -/-mice appear more vulnerable to stress, gaining more weight and consuming more alcohol than similarly stressed control mice [103] . Mutations of many clock modulating factors, like casein kinase 1δ/ε (CSNK1D/ E), f-box/lrr-repeat protein 3 (FBXL3), sodium potassium ATPase (ATP1A3), and glycogen synthase kinase 3B (GSK3B) also lead to mood abnormalities [9] . However, these modulators have additional cellular functions, making the connection between the observed mood-related phenotypes and the circadian clock unclear.
Alcohol use Disorders (AUD)
Socially acceptable alcohol use is typically an evening activity, while morning alcohol intake is usually considered pathological [104] . Daily patterns of drinking behavior are strongly influenced by culture, but may also reflect fundamental, biological patterns in reward processing, and physiological responses to alcohol that were incorporated into cultural norms in response to biological pressures. Genetic studies suggest that 40-60 % of the risk for developing AUD is inherited [105] , but the majority of genetic risk loci remain unknown and/or poorly characterized. Therefore, some have suggested that a portion of this risk might be accounted for by genes that affect the function of the circadian clock.
Among abstinent, recovering alcoholics, persistent sleep problems are common and predict relapse [106] . Consistent with the idea that the circadian clock affects alcohol intake at earlier stages, young adults at risk for AUD commonly report disturbances in sleep [107] , and a preference for evening activity (nocturnal chronotype) [108] . In a study of 537 young adults from a community sample, those with nocturnal chronotype consumed more than twice the volume of alcohol compared to those with morning or neutral chronotypes [109] . In other studies of subjects deemed high risk for AUD based upon family history, interaction of the stress system and circadian rhythms is again apparent, with daily rhythms of ACTH and cortisol showing reduced amplitudes compared to low risk subjects [110] .
Daily rhythms of human alcohol consumption are recapitulated in rodent models. Rat alcohol consumption peaks at night in a light/dark cycle [111] . In mice, alcohol is more intoxicating at night than during the day, and genetic knockout of Per2 eliminates this differential sensitivity, leading to overall increases in alcohol intake across the 24 hr cycle [112] . Per1 mutants consume more alcohol than controls, but only following a social defeat stress [113] , and Per3 has been associated with alcohol preference and stress response in mice [114] . Mice bred for high alcohol intake have shorter freerunning circadian periods [115] . Alcohol preferring rats have also have short periods and entrainment deficits in a shortening photoperiod [116] .
In human studies, variants in several clock genes have been associated with various alcohol-related phenotypes: BMAL1/2 (ARNTL1/2) variants are associated with alcohol dependence and alcohol intake [117] ; PER1 with alcohol consumption in adolescents and adult alcoholics [113] ; PER2 with high alcohol intake and interaction with insomnia and alcohol consumption in young males [35, 118] ; and CLOCK with comorbid AUD and depressive disorders [119] . Using a bioluminescent Per2::luc reporter to measure gene expression rhythms in human fibroblasts, a relationship between AUD severity and rhythms was found, in which the more severely affected alcoholics had shorter circadian periods, consistent with the studies of alcohol-preferring mice [120] .
Conclusion
The circadian clock and the stress response system are closely interconnected and reciprocally regulated. In the context of psychiatric disorders, the interplay between circadian clocks and stress response may broadly affect the impact of environmental stressors on the brain, thereby determining functional outcomes. General responses mediated by the clock and stress systems may impact specific genetic vulnerabilities (i.e., disease-specific risk factors), leading to the expression of distinct phenotypes commonly recognized as psychiatric disorders. In this way, the same environmental stressor, or variants in the same system, could result in different psychopathologies.
Since both the circadian system and the stress response system are built upon complex gene networks, the expected range of biological interactions in these networks is extremely broad, and it would be expected that there would be phenotypic overlap and/or ambiguity in the psychiatric phenotypes resulting from their dysfunction. In clinical practice, this is indeed what is observed: Many patients have atypical presentations of established disorders, there is heterogeneity in treatment response, and patients are commonly diagnosed with more than one condition. While this explanation is by no means exhaustive, it may go some way toward explaining the multitude of psychiatric phenotypes associated with disrupted circadian rhythms. Further experimentation is needed to determine the extent to which the clock and stress systems overlap and to what extent they are independent in modulating brain functions.
Outlook
Targeting circadian clock function may modulate the impact of stress on brain function and/or treat established psychiatric illness. Bright light therapy and sleep manipulation, especially in combination, are effective in mood disorders [90] , and novel pharmacological approaches may hold promise for the treatment of a wide variety of psychiatric disorders that currently lack adequate drug therapies. Indeed, it has been suggested that the mood stabilizer lithium may have a circadian mechanism of action [97] , and casein kinase 1δ/ε inhibitors have shown promise in pre-clinical animal models of AUD [121] and BD [122] . Additional compounds have been developed to target the ROR/REV-ERB nuclear receptors [123] , CRYs [124] , melanopsin-containing photoreceptors [125] , and other complex mechanisms [123] that strongly affect circadian rhythms, but remain poorly characterized with respect to brain effects and potential as treatments for psychiatric conditions. Suppression of GC synthesis with metyrapone counteracts the elevations in GC levels associated with environmental changes, and accelerates the clock's adaptation, potentially offering the means to better adjust the circadian system to stressful environments [23] . However, because many drugs targeting the GC system directly (including metyrapone) have metabolic effects that would limit their use in chronic diseases, an indirect approach toward stress modulation through the clock may have advantages compared to direct manipulation of GC synthetic pathways. While additional work is clearly needed to assess the advantages and risks of a "chronotherapeutic" approach to mental illness, this rapidly developing field holds great promise and should be explored.
